INTRODUCTIONa tyrosine kinase membrane receptor that once activated by insulin binding, recruits and 81 phosphorylates intracellular substrates known as IRS (insulin receptor substrates). 82
Phosphorylated IRS then transmit the signal through several molecules, including 83 successively phosphatidylinositol 3 Kinase (PI3K) and Akt (also known as protein kinase B), 84 a critical node of the insulin signaling pathway leading to (at least) the regulation of glucose 85 transport, glycogen synthesis, mRNA translation and gene expression (50). Indeed, Akt 86 regulates intermediary metabolism-related gene expression via phosphorylation and nuclear 87 exclusion of Forkhead-box Class O1 (FoxO1) transcription factor and also controls protein 88 synthesis by the activation of TOR. Increasing evidence has emerged in recent years to show 89 that amino acids may interfere with insulin function. For example, excessive levels of amino 90 acids have detrimental effects on glucose homeostasis by promoting insulin resistance and 91 increasing gluconeogenesis (52), which may be due to the over-activation of TOR and S6K1. 92 Recent findings have also indicated that activation of TOR contributes to the regulation of 93 fatty acid biosynthesis by blocking nuclear accumulation of the mature form of the sterol 94 responsive element binding protein (SREBP1) and subsequent expression of SREBP1 target 95 genes such as fatty acid synthase (FAS) and ATP citrate lyase (ACLY) (38). This was 96 glucose levels were measured 24h after feeding in fish fed the diet containing the highest 200 proportion of carbohydrates ( Figure 1A ). In contrast, no significant increase in plasma 201 glucose level was observed in fish fed the HPLC diet. Compared to fasted fish, total plasma 202 free amino acid (FAA) levels increased significantly in fish 2h after the meal, irrespective of 203 the diet ( Figure 1B ). Total plasma FAA levels in fish fed the LPHC diet then decreased to 204 reach levels not significantly different from those of the fasted group 8h after feeding and 205 then to levels statistically lower than fasted levels 24h after refeeding. A similar pattern of 206 changes was observed in fish fed the MPMC diet except that total plasma FAA levels 207 remained significantly elevated 8h after refeeding. The highest total plasma FAA levels were 208 measured 8h after feeding in fish fed the HPLC diet. In these fish, plasma levels of total free 209 amino acids remained significantly higher than levels measured in fasted fish 24h after 210 feeding. 211 212 Activation of hepatic Akt/TOR signaling pathway. 213 We investigated the effects of feeding the three experimental diets on the activation of hepatic 214
Akt/TOR signaling pathways by comparing levels in fasted fish and 2h and 8h after the meal, 215 respectively. Figure 2 presents the results of Western blot analyses of phosphorylated (p-) and 216 total forms of Akt, TOR and S6 obtained in fasted and 2h refed fish. The ratio between the 217 phosphorylated and total forms of the protein was calculated for each protein. Analysis of Akt 218 and S6 data indicated that the phosphorylation of Akt and S6 was significantly enhanced 2h 219 after refeeding only in fish fed the HPLC diet. Analysis of TOR data showed no significant 220 differences in the ratio of phosphorylated to total protein between the three dietary groups and 221 unfed trout. Eight hours after refeeding, Akt/TOR signalling was no more activated whatever 222 the diet (data not shown). 223
224
Messenger RNA levels of target genes in liver of fasted and 24h refed fish. 225
Compared to fasted fish, GK mRNA levels increased dramatically in fish fed the LPHC and 226 MPMC diets. In contrast, no increase was observed in fish fed the HPLC diet. Expression of 227 PK mRNA remained unchanged between fasted and refed fish whatever the diet. Of the four 228 gluconeogenic genes explored (G6Pase1, G6Pase2, PEPCK and FBPase), the two isoforms of 229
G6Pase were the only genes subjected to refeeding regulation. Expression of the first isoform 230 of G6Pase was dramatically down-regulated in fish refed the HPLC diet, whereas expression 231 of this isoform remained elevated in the livers of fish refed the LPHC and MPMC diets. 232 mRNA levels of the second isoform of G6Pase were significantly decreased in refed fish 233 whatever the diet. On investigating the regulation of expression of lipid metabolism-related 234 genes, we found that mRNA expression of genes encoding FAS and ACLY was significantly 235 upregulated 24h after refeeding the HPLC diet. Levels of G6PDH mRNA were not 236 significantly affected by nutritional status, and there was a significant increase in mRNA 237 levels of SREBP1 in HPLC refed fish only. We found that, whereas the LPHC diet had no 238 effect on the post-prandial regulation of expression of CPT1A and B, feeding fish the HPLC 239 diet resulted in a significant reduction in CPT1 A and B mRNA levels. When fish were fed 240 the MPMC diet, fish exhibited intermediate levels of CPT1A and B mRNA since CPT1A and 241 B gene expression was not significantly different from that measured in either HPLC or 242 LPHC diets. We also investigated mRNA expression of SD as a potential source of pyruvate 243 for further gluconeogenesis or lipogenesis and recorded higher levels of expression in fish 244 refed the LPHC and the MPMC diets, and even higher expression in fish fed the HPLC diet. 245
Finally, we investigated mRNA expression of two genes involved in the catabolism of 246 branched chain amino acids, namely BCKD E2 and BCKD kinase, and found higher levels of 247 expression of the former in fish fed the HPLC diet compared to fasted fish. 248 249 Akt/TOR signaling pathway in muscle. 250
We next investigated the effects of feeding the three experimental diets on the Akt/TOR 251 signaling pathways in skeletal muscle by comparing fasted and refed fish. Figure 4 represents 252 the Western blot images of phosphorylated (p-) and total forms of Akt, S6K1, S6 and 4E-BP1 253 in fasted and 8h-refed fish. The ratio between the phosphorylated and total forms of the 254 protein was calculated for each protein. Overall, the results indicated that the ratio between 255 phosphorylated and total protein of all proteins studied reached significantly higher levels in 256 fish fed the HPLC diet compared to fasted trout. In contrast, no significant increase was 257 observed in fish fed the LPHC diet. Analysis of MPMC data showed intermediate results, 258 with a significant increase in Akt, S6 and 4E-BP1 phosphorylation. The phosphorylation of 259 the same molecules was also analysed in 2h refed fish. In agreement with previous findings in 260 the same species showing that activation of S6K1 and 4E-BP1 occurs only from 5h following 261 a meal in this tissue (44), no difference in S6K1, S6 and 4E-BP1 phosphorylation was 262 observed between fasted and 2h-refed fish (data not shown). 263 264 Messenger RNA levels of target genes in skeletal muscle of fasted and 24h refed fish. 265
Messenger RNA levels of LC3B, Gabarapl1, atg4b, atg12l, atrogin1, MuRF, C2, C3, Glut4, 266 HK, 6PFK, PK, ACC, CPT1A, CPT1B, HOAD, BCKD E2 and BCKD kinase were measured 267 as indices of gene expression in fasted fish as well as 24h after refeeding the three 268 genes analysed in this study (LC3B, atg12l and Gabarapl1, panel A) were subjected to 270 significant reduction by refeeding. Although the three diets induced a reduction in LC3B and 271 atg12l gene expression, the Gabarapl1 mRNA level was only reduced in the skeletal muscle 272 of fish refed the HPLC diet. On the other hand, except for E3-ubiquitin ligases 273 atrogin1/MAFbx and MuRF, whose expression decreased in refed fish whatever the diet, 274 mRNA expression of the other proteasomal genes remained the same in fasted and refed fish 275 carbohydrates/proteins in the rainbow trout. For this purpose, we designed three experimental 298 diets containing high, medium or low levels of proteins and carbohydrates, respectively, and 299 focused on the refeeding regulation of the Akt/TOR insulin/nutrient signalling pathway as a 300 major regulator of metabolism, as well as on the expression of several metabolism-related 301 target genes in the liver and skeletal muscle of rainbow trout. Because of formulation 302 constraints, the diets had slightly different gross energy contents, nevertheless much above the 303 recommended energy levels for rainbow trout (25). Besides, we made sure that all groups had 304 similar feed intakes during the single meal provided. As such, the observed differences in the 305 studied metabolic targets are believed to reflect mainly dietary differences in macro-nutrient 306
composition. 307 308

Akt/TOR signaling pathway 309
We reported previously that feeding even a single meal leads to the regulation of the 310 Akt/TOR-signaling pathway in the liver and skeletal muscle of rainbow trout (15, 44), as in 311 mammals (50, 54) . In the present study, we demonstrated that macro-nutrient composition of 312 the diet may affect the Akt/TOR response to feeding. We observed in rainbow trout that therefeeding, 2 and 8h after the meal, respectively, when the proteins/carbohydrates ratio was 315 severely decreased. In mammals, the Akt-TOR signaling pathway is activated by at least 316 insulin and amino acids (11). Using primary cell culture of rainbow trout hepatocytes, we 317 previously demonstrated that unlike Akt that is mainly activated by insulin, TOR and its 318 downstream effectors need the combination of insulin and amino acids to be fully activated 319 (14) . Therefore, the reduction of protein proportion in MPMC ans LPHC diets perhaps 320 contribute to attenuate the refeeding activation of S6 and 4EBP1. However, the reasons of the 321 lower phosphorylation of Akt in fish fed diets with increased proportion of carbohydrates and 322 the absence of TOR phosphorylation whatever the diet remain unclear. Low insulin secretion 323 might explain the lack of significant activation of Akt in the high carbohydrate-refed fish, but 324 unfortunately we were not able to measure plasma insulin levels in the present study. 325
Nevertheless, previously published findings indicating that increasing carbohydrates in the 326 trout diet resulted in equivalent or even enhanced rather than decreased post-prandial insulin 327 secretion in rainbow trout (1, 3) tend to contradict the hypothesis of decreased insulin 328 secretion (23). However, other arguments may favour the hypothesis of decreased insulin 329 secretion. Decreased insulin secretion has been observed in rats and pigs fed very low-protein 330 diets, and for the former this was due to a decrease in pancreatic islet volume and insulin 331 storage (6, 27). However, it is also possible that the too small increase in total plasma FAA 332 levels in fish fed the LPHC diet was also involved in the lack of Akt/TOR response to 333 refeeding, since phosphorylation of Akt, S6K1 and 4E-BP1 in mammals has been found to be 334 positively correlated with intravenous infusion levels of insulin and amino acids (26, 49) . 335
336
Protein metabolism 337 composition had a low impact on the expression of these genes. In mammals, transcription 342 factor FoxO3, a downstream target of Akt, has been found to be associated with expression of 343 atrogin1/MAFbx and MuRF1 and is considered to be the link between Akt and both 344 lysosomal and proteasomal pathways in skeletal muscle in vivo and in C2C12 myotubes (18, 345 42, 55) . The post-prandial inhibition of expression of these E3-ubiquitin ligase genes in fish 346 fed the LPHC diet that displayed low Akt phosphorylation is somewhat surprising and 347 highlights the potential involvement of Akt-independent pathways (e.g., mediated by 348 glucocorticoids) in the control of the genes studied (43). Overall, the results presented here 349
show that genes related to muscle protein degradation are inhibited by both high proteins and 350 high carbohydrates diets, whereas the factors controlling the proteins synthesis (S6K1, S6 and 351 4EBP1) are increased only in response to feeding the high proteins diet. These results are 352 likely due to the existence of factors affecting specifically each system and highlight the 353 complexity of mechanisms involved in the control of protein turnover. Whether these results 354 are followed by similar diet composition effect on muscle proteolysis and protein synthesis 355 rates is worth investigating. 356
357
Glucose metabolism 358
Once absorbed, glucose is normally taken up by cells such as hepatocytes and skeletal muscle 359 cells and then directed to different metabolic pathways. In mammals, skeletal muscle is the 360 main tissue contributing to the removal of glucose from the blood to maintain glucosehomeostasis (56). Glucose uptake in skeletal muscle is primarily operated by the glucose 362 transporter GLUT4 (39) and is under insulin regulation since insulin activates the 363 translocation of GLUT4 from intracellular vesicles to the plasma membrane and stimulates 364 the expression of GLUT4 (21). As previously reported in Atlantic cod (7) and rainbow trout 365 (36), GLUT4 gene expression was stimulated in rainbow trout muscle by refeeding in the 366 present study. However, this increase was only significant when fish were fed the protein 367 rich-diet, whereas in mammals, carbohydrates enhance the post-prandial stimulation of 368 GLUT4 in the skeletal muscle (41). This result suggests that glucose uptake might have been 369 stimulated following feeding in the present study but paradoxically only in those fish fed large 370 amounts of protein. However, the absence of stimulation of expression of glycolytic genes, 371 even the significant inhibition of PK gene expression, tends to refute this hypothesis and 372 suggests that there is very limited use of glucose by the muscle. This is also in agreement with 373 the well-known low rate of glucose phosphorylation by hexokinases in trout muscle compared 374 to mammalian species (10, 13, 53) . This was furthermore confirmed by the stable level of 375 muscle glycogen levels in fasted and refed trout measured in the present study (data not 376 shown). 377
The regulation of glucose metabolism in the liver was also surprising. Unlike HK in muscle, 378 the expression of GK, the low affinity hepatic hexokinase, was upregulated by refeeding but 379 only when the diet contained medium or high levels of carbohydrates. We have previously 380 demonstrated in vitro using primary cell culture of rainbow trout hepatocytes that glucose 381 enhanced accumulation of GK mRNA (35). We confirmed in this in vivo study that, unlike 382 mammals in which insulin is a major regulator of GK gene expression (8), GK gene 383 expression is probably mainly controlled by carbohydrates in rainbow trout. Despite strong 384 induction of GK gene expression, expression of the downstream glycolytic genes such as PK 385 was not regulated by refeeding as previously observed (46) . When looking at genes related togluconeogenesis, G6Pase, the last enzyme of gluconeogenesis, was the only gene inhibited by 387 refeeding. According to the ancestral whole genome duplication that has occurred in the 388 teleost lineage following its divergence from mammals, multiple copies of genes may be 389 found in fish that may have evolved separately and acquired different patterns of expression, 390 as previously reported for pro-opiomelanocortin (9, 17). We demonstrate here that the macro-391 nutrient composition of the diet affects the regulation of expression of the two isoforms of 392
G6Pase differently, the first isoform being inhibited only in trout refed the HPLC diet and the 393 second isoform being down regulated following refeeding, irrespective of diet composition. 394
On the other hand, hepatic expression of PEPCK and FBPase was not subjected to regulation 395 after a meal in any group. When we considered the glycolytic and the gluconeogenic 396 pathways together, we observed that the opposite enzymes, GK and G6Pase (especially the 397 first isoform), were the only enzymes exhibiting refeeding regulation of their respective 398 mRNA levels. and LPHC diet 24h-refed rainbow trout. LC3B, Gabarapl1, atg4b, atg12l, 695 atrogin1/MAFbx, MuRF, C2, C3, Glut4, HK, 6PFK, PK, ACC, CPT1a, CPT1b, HOAD, 696 BCKD E2 and BCKD kinase mRNA levels were evaluated using real-time Expression values are normalized with EF1 -expressed transcripts. Results are means + SE (n 698 = 6) and were analyzed using one way ANOVA followed by the Student-Newman-Keuls test 699 for multiple comparisons. Mean values for a selected group not sharing a common letter differ 700 (P < 0.05). 701 
